Emerging evidence suggests that HIV incidence rates in Brazil, particularly among men, may be rising. Here we use Brazil's integrated health systems data to develop a mathematical model, reproducing the complex surveillance systems and providing estimates of HIV incidence, number of people living with HIV (PLHIV), reporting rates and ART initiation rates.
Introduction
The 90-90-90 goals established by the Joint United Nations Programme on HIV/AIDS (diagnose 90% of all people living with HIV [PLHIV] , treat 90% of those diagnosed and achieve viral suppression in 90% of those treated by 2020) are key targets for ending the AIDS epidemic (Joint United Nations Programme on HIV/AIDS, 2014). Brazil's ambitious and progressive approaches to fighting HIV/AIDS initially led to significant improvements in survival rates and falling incidence rates by guaranteeing free highly active antiretroviral therapy (HAART) under Federal Law since 1996 (Fonseca and Bastos, 2007; Marins et al., 2003; Ministério da Saúde Brasil, 1999) . The early HIV epidemic in Brazil was driven by transmission within highly connected groups of men-who-have-sex-with-men (MSM) in the larger cities of the reported cases in larger coastal cities in the North-East (Ministério da Saúde Brasil, 2016).
Back-calculation methods using B-splines to describe a flexible force of infection have been applied to routine case surveillance data across multiple settings to provide estimates of the size of the HIV epidemic and undiagnosed population (van Sighem et al., 2015; Vesga et al., 2014; Hogan and Salomon, 2012) . These methods have shown promising results, even in concentrated epidemics with sparse data and the inclusion of data on CD4 cell counts allows trends in incidence to be distinguished from changes in diagnosis rates. Using a fixed force of infection may not have sufficient flexibility to model the HIV epidemic in Brazil, where changing risk behaviours and large-scale ART rollout may have caused rapid changes in individual risk.
Brazil has a wealth of surveillance data managed centrally by the Ministry of Health. Using these integrated health information systems, it is possible to track an individual's progress through the health care system, from diagnosis, to CD4 cell count measurements, treatment and death. Here we describe a mathematical back-calculation model incorporating age and sex structure, developed to synthesise all available surveillance data in Brazil (case-reports, CD4 data, ART initiation, mortality reports and under-reporting of deaths) within a formal Bayesian framework to produce estimates of the HIV epidemic. We reproduce the complex multi-faceted surveillance systems in Brazil, incorporating the introduction of newer surveillance systems in 2001 and 2006 and more recent programmatic changes affecting reporting and linkage to produce estimates of incidence and number of PLHIV by age and sex, reporting rates and subsequently the size of the undiagnosed population.
Methods

Surveillance data
Detailed clinical and demographic data were extracted from four sources of anonymised surveillance data routinely collected during 1980-2016 by the Department of Sexually Transmitted Infections, AIDS and Viral Hepatitis (DIAHV) within the Ministry of Health, Brazil: notifiable diseases surveillance (SINAN, 1980 (SINAN, -2016 , two independent clinical monitoring systems (CD4 cell counts [SISCEL, 2001 [SISCEL, -2016 and ART dispensations [SICLOM, 2006 [SICLOM, -2016 ) and mortality records (SIM, 1980 (SIM, -2015 . Individual-level data on deaths due to AIDS-related causes are reported in SIM from 2000 onwards (aggregated annual values are available from 1980). To improve the incomplete reporting of AIDS cases via SINAN, data obtained via the SISCEL, SICLOM and SIM reporting systems were individually linked using a probabilistic algorithm developed by the DIAHV, duplicate records were matched, consolidated and then anonymized (Fonseca et al., 2010) . National-level mortality records from SIM (pre-2000) and data on misclassification of AIDS deaths ) supplemented the anonymised individual-level data (Fazito et al., 2012) .
If CD4 cell count measurements at the time of reporting (defined as a CD4 cell count within six months of the first date that an individual appears in any of the surveillance databases) or at ART initiation were missing (CD4 cell count up to three months before starting ART), they were imputed by fitting probability distributions to available CD4 data by age, sex and calendar year and assigning a random draw from these (see Supplementary Information). We assumed that the distributions of CD4 counts for those with CD4 measurements were representative of those missing these data ( Fig S1) . All data were disaggregated by age in years and smoothed over time using non-parametric Loess regression to reduce the influence of artificial peaks in the data which occurred after the introduction of each new surveillance system.
Model structure
The natural history of HIV, along with the stages of reporting, ART initiation and death were characterised in a discrete-time age-structured deterministic model, with transitions between compartments described by partial differential equations (Fig. 1, Supplementary Table  S1 ). Separate models were constructed for males and females, allowing T.D. Mangal, et al. Epidemics 27 (2019) 77-85 all parameters to be estimated independently by sex. Following infection, individuals were allocated into the appropriate age strata according to an age distribution curve before entering the first series of compartments (U i where i = 1, …, 4) characterised by CD4 cell count ranges (≥500, 350-499, 200-349, < 200 cells/μL) according to the initial state probability (p i,a where a refers to the individual's age). Individuals could then either progress, moving to states corresponding with lower CD4 cell counts according to the progression rates (q i ), or become reported through one of the routine surveillance programmes (i.e. at initial HIV diagnosis, when CD4 counts were measured, when ART was started or when diagnosed with AIDS) at rate d i,t . The reporting rates were estimated separately for each CD4 state and assumed a piecewise linear function over time, with breakpoints at 1985, 2001 and 2010 corresponding with the start of the national clinical monitoring system and national scale-ups in surveillance networks in Brazil. Upon reporting, individuals could then initiate ART and move into the compartments (A i where i = 1, …, 4), dependent on their CD4 count at ART initiation. Progression was not modelled explicitly once ART had started and mortality rates on treatment depended on the CD4 count at ART initiation, age and sex. We determined the proportion of cases by age-group (r i,a,t ) first reported via their ART prescriptions and allowed this proportion to move directly to one of the ART states (dashed lines in Fig. 1 ), dependent on their CD4 count at reporting time (and simultaneous ART initiation). ART initiation rates (s i,t ) of all others (1-r i,a,t ) were estimated by calibration to the data. ART initiation rates were described by four piecewise linear functions over time, estimated separately for each CD4 count. ART initiation rates were constant during 1997-2000, then increased with gradients changing at 2010.
Mortality due to AIDS (μ i ) could occur from every compartment along with background non-AIDS mortality (Mangal, 2017 ; United Nations Department of Economic and Social Affairs Population Division, 2017). With concentrated epidemics, such as in Brazil, mortality in the general population due to AIDS is low and so all-cause mortality rates were used as a proxy for background non-AIDS death rates. Mortality rates for the first and subsequent years on ART were estimated from the data using survival analysis (see Supplementary Information). The mean time from infection to reporting was estimated by summing the average time to entry into states D i (i = 1, … 4) via all possible pathways, weighted by the probability of following that pathway using the following equation adapted from van Sighem et al. (2015):
We calculated mean time to reporting from 2001 onwards, i.e. following the launch of the national SISCEL system for monitoring CD4 counts, which we use as a reliable indicator of time since infection.
Incidence spline
Cubic B-splines represented the hazard of infection over time (van Sighem et al., 2015; Vesga et al., 2014; Brown et al., 2014; Bao, 2012) . The knot vector V was a set of non-decreasing numbers where v 0 ≤ v 1 ≤ … ≤ v n and each knot position was optimised during the calibration process. The hazard curve was parameterised using ten basis functions over the time period 1965-2025 and the n-th B-spline basis function (B n,p (v) ) with degree p = 3 can be defined using the Cox-de Boor recursion formula:
The first three basis function coefficients were fixed at zero, also setting the first derivatives of incidence to zero, to anchor the incidence at zero during the early epidemic phase and the remaining basis function coefficients were estimated during the model fitting. We calibrated three sets of models with differing numbers of internal knots (Ministério da Saúde Brasil, 1999; Fonseca et al., 2002; Bastos and Szwarcwald, 2000) and used the Bayesian Information Criterion (BIC) to select the most parsimonious model capable of representing the data.
Model calibration to surveillance data
The individual-level surveillance data used to calibrate the model were (i) reported cases of HIV/AIDS, (ii) CD4 cell counts, (iii) ART prescriptions dispensed and (iv) AIDS deaths. A joint likelihood described the probability of observing these data in a given month assuming an underlying Poisson distribution. Additional aggregated (national-level) data on numbers of AIDS deaths pre-2001 and misclassification rates of AIDS deaths (Fazito et al., 2012) were used to constrain the incidence curve under the assumption that these measures combined provided the total number of AIDS deaths that occurred. Model inputs and estimated model parameters along with their prior distributions are defined in the Supplementary Information (Tables S1  and S2 ). The calibration of the model to the smoothed data was conducted using parallel Markov chain Monte Carlo (MCMC) methods using diffuse uniform priors spanning a wide credible range (Supplementary Table S2 ). A multivariate Gaussian proposal distribution accounted for the correlations between parameters and a Robbins-Monro update step automatically tuned the scale parameter of the randomwalk Metropolis-Hastings (MH) sampler (Garthwaite et al., 2016) . The covariance matrix was estimated jointly with the scale parameter allowing convergence to be reached more efficiently. Fifteen MCMC chains each for the male and female models were initiated using different starting values from within a credible range and run for 500,000 iterations. An initial burn in of 50,000 iterations was discarded from each chain and one in ten iterations were subsampled from each chain to reduce autocorrelation. Chains were visually inspected for convergence and median parameter estimates along with 95% credible intervals (Cr I) were derived from the posterior distributions. All analyses were conducted in R, version 3.2.2.
Inferred incidence trends
We recreated the HIV incidence curve by randomly drawing 1000 parameter sets from the joint posterior distributions. Median incidence estimates, number of PLHIV, reporting rates, ART initiation rates and the size of the undiagnosed population were estimated for each parameter set and credible intervals were obtained using the 2.5th and 97.5th percentiles. An uncertainty analysis explored the impact of our assumptions on the natural history of HIV and the incidence spline function on the model outcomes (see Supplementary information). Outputs are presented up to 2015, as this is the last full year for which we have data. Estimates of the number of new infections and PLHIV are rounded to the nearest thousand.
Role of the funding source
The funding bodies had no role in the study design, collection, analysis, interpretation of data or in the writing of the report and the decision to submit the paper for publication.
Ethical consent
Written informed consent from individuals and ethical approval was not required as this was a retrospective analysis of fully anonymised surveillance data collected during routine HIV case monitoring.
Results
Surveillance data
A total of 1,077,295 individuals with HIV were reported between January 1980 and August 2016, with 298,159 reported deaths. CD4 cell counts were available for 662,720 (61.5%) individuals, and 654,676 (60.8%) had at least one ART prescription recorded. The proportion initiating ART by CD4 cell count over time is shown in Fig. 2 . The mean age at the time of reporting ranged from 33.1 years (SD 9.6) in 1990 to 35.6 years (SD 12.1) in 2015, with the majority of cases (87.8%) aged between 15-49 years. The male to female ratio of reported cases changed from 5.7:1 in 1990 to 1.4:1 in 2002 and 2.3:1 in 2015.
Estimated trajectory of the epidemic
The epidemic peaked first in 1997 with an incidence rate of 0.348 / 1000 person-years (95% credible interval 0.259 -0.477 / 1000 py), settling to 0.284 / 1000 py (0.204 -0.370 / 1000 py) by 2001. The epidemic curves show a "second wave" of infections occurring in both men and women from 2001 onwards (Fig. 3) . The double peak was observed in all 1000 incidence curves generated by sampling from the joint posterior distributions. Between 2001 and 2009, incidence rates increased by 56.4% and 59.8% in men and women respectively to 0.574 and 0.326 / 1000 person-years.
Over time, there has been a shift in the age distribution of new HIV cases, with the peak age at infection increasing from 23 years in 1990 to 36 years in 2015 for men and women and a higher number of infections occurring in older age groups (Fig. 3) .
In 2015, 56,000 (95% Cr I 43,000-71,000) new infections occurred, 37,000 (95% Cr I 28,000-54,000) infections in men and 16,000 (95% Cr I 10,000-23,000) in women. The number of PLHIV by end-2015 was 838,000 (95% Cr I 675,000-1,083,000).
Estimates of reporting rates, treatment initiation and mortality reporting
Prior to 1997, only those with AIDS diagnoses are reported and consequently, the highest reporting rates are found in those with low CD4 counts of < 200 cells/μL (1.11yr −1 , 95% Cr I 0.89-1.51 for men in 1996 and 1.06yr −1 , 95% Cr I 0.89-1.38 for women). The reporting rates for those with the highest CD4 counts (CD4 ≥ 500 cells/μL) have tripled over the past ten years, due to the launch of the ART dispensation reporting system (from 2006 onwards) and the expansion of the clinical reporting networks (Fig S2) . The mean time overall from infection to diagnosis decreased over time, from 5.05 and 5.16 years for men and women respectively in 2001 to 1.33 and 0.76 years in 2015 (Fig S3) . By 2015, 80% (95% Cr I 62-99%) of the estimated 838,000 PLHIV in Brazil were aware of their status and reported to the DIAHV, compared with 58% (46-72%) and 68% (54-84%) in 2005 and 2010 respectively (Fig. 4) . Women were more likely to be reported than men; by the end of 2015, 86.8% of women living with HIV had been documented by one of the surveillance networks compared with 75.7% of men.
Treatment initiation rates have increased over time for all CD4 states, with the highest rates estimated for those with CD4 cell counts 350-499 cells/μL (0.13, 95% Cr I 0.10 -0.18 for men and 0.20, 95% Cr I 0.14 -0.34 for women in 2015, Fig S4) . At all CD4 counts, estimated treatment initiation rates were higher for women than men and these differences increased over time.
The proportion of deaths in known HIV/AIDS cases that were reported via the Mortality Information System remained almost constant 
Model calibration
In general, there is good agreement between the model and the data ) and therefore represent temporary increases in reporting rates. The estimates of male deaths before 1997 are slightly lower than the observed values, although the majority of the observed data points lie within the uncertainty bounds of the model. One potential explanation for this is that we are under-estimating the mortality rates of HIV-infected males during the early period of the epidemic or possibly under-estimating the number of men infected during this period.
Uncertainty analysis
An additional sixteen models were developed using alternative parameter sets which included different initial state probabilities following seroconversion, CD4 progression rates and mortality rates, grouping parameters into high versus low initial CD4 counts at seroconversion, fast versus slow progression and high versus low mortality rates. The incidence curves produced were qualitatively similar across all parameter sets, producing a double-peaked epidemic curve with small shifts in the size and timing of the peaks. The effects of changing the natural history assumptions on the incidence trends in women were less pronounced than for men. The ranges in median incidence in 2015 estimated from these alternative analyses were 32,000-52,000 for men and 13,000-20,000 for women. More details are presented in the Supplementary Information.
Discussion
The findings suggest there has been a second wave of infections since 2001 which has been stabilising since 2010, contradicting previous estimates and official positions on the HIV incidence trends in Brazil (AIDSinfo, 2019; IHME, 2017; Szwarcwald et al., 2016a) . This second peak has been speculated upon, given the disproportionately high incidence of infection recently reported in men, but this is the first time compelling evidence has been presented for it (Szwarcwald et al., 2016b; de Castro et al., 2010) . Given these findings, it is arguably not surprising to see further evidence of a resurgence of the epidemic in men, however the second peak in incidence in women has not previously been documented. Other settings have experienced similar rises in incidence amongst MSM, indicating that our findings here may provide insights into other regions (Beyrer et al., 2013; Van Sighem et al., 2012) .
Nevertheless, Brazil has achieved high reporting and treatment rates; by 2015 80% (95% Cr I 62-99) of PLHIV were reported and the Ministry of Health reported 442,000 PLHIV were accessing ART (i.e. 66% of reported cases were treated) (Ministério da Saúde, Brasil, 2017a).
Though not yet achieving the UNAIDS targets for 2020, the Brazilian HIV/AIDS programme compares favourably to the performance of most other national programmes (globally 70% [51-84%] of PLHIV know their status and 77% [57-89%] of those are on treatment) (Joint United Nations Programme on HIV/AIDS (UNAIDS), 2017). Our estimates of the proportion of PLHIV reported are in line with others; Levi et al reported 80% diagnosed and 60% of those on ART in 2013 (Levi et al., 2016) . However, both Levi et al and the Ministry of Health report low viral suppression levels (35%-50%) indicating potentially poor ART adherence (Ministério da Saúde, Brasil, 2017a).
Such an increase in incidence in recent years has gone undetected and unreported until now. The UNAIDS-supported Spectrum tool generated estimates of 48,000 (95% CI 34,000-62,000) new infections in 2015, with similar numbers of PLHIV to those described here (800,000 95% CI 580,000-1,000,000) (AIDSinfo, 2019; Stover et al., 2017) . The Global Burden of Disease Study (Wang et al., 2016 ) assumes a slowly increasing epidemic trend similar to that of UNAIDS, also with a lower number of new infections (33,790, 95% CI 30,200-37,520 in 2015) but yielding an estimate of 558,840 (95% CI 454,380-687,400) PLHIV, lower than the official number of PLHIV linked to care . Our estimates of incidence between 2004 and 2010 are higher than those published by Szwarcwald et al. which are generated using a single surveillance database, however estimates do overlap in more recent years (Szwarcwald et al., 2016a) . Using a phenomenological approach allows us to be agnostic about the incidence trends and the spline is not constrained with prior beliefs about the changing impact of the AIDS programme. The sensitivity analysis shows that the findings are robust to alternative assumptions on the functional form of the spline.
The flexible reporting rates were incorporated to allow for newer surveillance systems being implemented and for initiatives aimed at promoting testing, which may lead to a greater proportion of PLHIV being diagnosed (Department of STI AIDS and Viral Hepatitis, 2015) . For this reason we see large increases in reporting rates in the highest CD4 states (≥500 cells/μL), corresponding with increasingly early diagnoses. This is particularly pronounced for women where estimated reporting times fell to approximately four months by 2015 for the 59% who seroconvert into the highest CD4 state. The fall in mean time from infection to reporting, from approximately five years at the inception of the Laboratory Tests Control System (SISCEL) in 2001 to 1.33 and 0.76 years for men and women respectively by the end of 2015, was consistent with earlier findings showing that by 2013, 35.2% of men and 45.8% of women were diagnosed in the same year as they were infected (Szwarcwald et al., 2016a) . By 2015 we see a peak age at infection similar to the mean age at the time of reporting because of this short reporting delay.
The recent HIV Biological Behavioural Surveillance Surveys showed changes in risk-taking behaviour in MSM over the last ten years which varied by age, for example, the proportion of MSM aged 25 years and older with more than six sexual partners has increased by 45% since 2006 compared with a decrease of 2% in < 25 year olds (Guimarães et al., 2018) . In contrast, the proportion of young MSM reporting unprotected receptive anal intercourse has increased by 24% compared with an 18% decrease in older MSM. Here we find an increased risk of HIV in older individuals in recent years, consistent with reports of increases in multiple partnerships, however the functional form of the age distribution curve did not allow for a bimodal distribution in risk and so it's possible that a more flexible function may show an increase in risk for both younger and older age groups.
Interestingly, the highest ART initiation rates are in those with CD4 counts between 350-499 cells/μL, suggesting that those people who are Fig. 5 . Calibration of the model (black / grey lines) to observed data (green points) on the numbers of newly detected cases by month (first row), number of first ART prescriptions by month (second row) and annual numbers of reported deaths (third row). The median values from the posterior distributions are shown in black and the grey lines represent the estimated uncertainty (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). diagnosed early are then starting treatment early. The estimated reporting and ART initiation rates suggest two distinct populations, one group who are detected soon after infection with high CD4 counts and then treated early, possibly due to the expansion of rapid HIV testing and outreach programmes or the presence of an illness associated with HIV, and a second group who are not accessing HIV care until the late stages of infection (with CD4 counts < 200 cells/μL). These inequalities in care have previously been documented, with some high-risk groups facing significant barriers to testing (de Barros et al., 2017) and treatment (Teixeira et al., 2014; Ministério da Saúde, Brasil, 2017b; Grangeiro et al., 2011) .
Disentangling changes in incidence from changes in reporting rates can be problematic and so we allow for biases in reporting and simplify testing and linkage where we do not have much information. The flexible spline function describing the hazard of infection allows rapid changes and it is possible that using a more rigid function would preclude the detection of a double peak in incidence.
This analysis reveals a strong and persistent differential in the rates of accessing care between men and women. By 2015, 86.8% of women living with HIV had been reported, compared with 75.7% of men, likely due in part to the high HIV testing coverage during antenatal care (Botelho CAO, 2008; Botelho et al., 2008) . We do not consider treatment adherence but model treatment initiation only. Viral suppression is not modelled here, but has important implications for transmission risk and is required for generating projections of the future burden of HIV.
Our findings rely on using back-calculations to estimate incidence using CD4 cell counts at the time of reporting. This method has the limitation of increasing uncertainty in more recent years, as newly reported cases provide information only on past incidence. Incidence assays can identify recently acquired infections and could be incorporated to improve estimations, but as yet, have been trialled in only a few small studies in limited regions in Brazil (Szwarcwald et al., 2016b; de Castro et al., 2010; Grinberg et al., 2015) . Information on the CD4 progression rates and mortality without ART are not available for Brazil and we therefore acquired data from other sources, conducting an uncertainty analysis to assess the robustness of our results under a range of assumptions. CD4 cell counts were available for 75.4% of individuals after 2001 and we assume that those individuals are representative of the population. Individuals accessing care via private clinics would only be detected at the time of an AIDS diagnosis or by receipt of ART. Consequently we may be missing clinical monitoring data that could affect our assumptions on reporting rates.
Many important parameters needed here are estimated directly from the data, e.g. ART survival rates and CD4 distributions are derived from evaluations of the national-level surveillance programmes. One major strength of this approach is the use of case-reporting data which is routinely collected by the HIV/AIDS programmes in many countries to estimate incidence. There are no assumptions needed on the size or behaviour of susceptible populations which is difficult to obtain for many settings. Furthermore, we do not rely on adjustments of prevalence estimates from ante-natal clinic data or surveys.
This analysis shows that a second wave of infections occurred in Brazil, possibly due to higher risk behaviour resulting from a lower perceived risk of HIV, poor adherence to ART leading to rebounding viral loads or a sizeable undiagnosed population unaware of their infection status. To date, 31 municipalities in Brazil have signed the 2014 Paris Declaration, pledging to end AIDS as a public health threat by 2030 (Joint United Nations Programme on HIV/AIDS (UNAIDS), 2017), however, there is an urgent need to understand where and among whom new infections are occurring. 
Author contributions
Sources of funding
Title of Grant: The HIV Modelling Consortium. Grant ID: OPP1084364. Title of Grant: Multi-Country HIV Prevention Impact Modeling Study.
Contract Number: 7161402.
